In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with its effect on chromatin reconfiguration in Posidonia oceanica. DNA methylation level and pattern were analysed in actively growing organs, under short-(6 h) and long-(2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd, through a Methylation-Sensitive Amplification Polymorphism technique and an immunocytological approach, respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase, was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of interphase nuclei and apoptotic figures were also observed after long-term treatment. The data demonstrate that Cd perturbs the DNA methylation status through the involvement of a specific methyltransferase. Such changes are linked to nuclear chromatin reconfiguration likely to establish a new balance of expressed/repressed chromatin. Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.
Introduction
In the Mediterranean coastal ecosystem, the endemic seagrass Posidonia oceanica (L.) Delile plays a relevant role by ensuring primary production, water oxygenation and provides niches for some animals, besides counteracting coastal erosion through its widespread meadows (Ott, 1980; Piazzi et al., 1999; Alcoverro et al., 2001) . There is also considerable evidence that P. oceanica plants are able to absorb and accumulate metals from sediments (Sanchiz et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus influencing metal bioavailability in the marine ecosystem. For this reason, this seagrass is widely considered to be a metal bioindicator species (Maserti et al., 1988; Pergent et al., 1995; Lafabrie et al., 2007) . Cd is one of most widespread heavy metals in both terrestrial and marine environments.
Although not essential for plant growth, in terrestrial plants, Cd is readily absorbed by roots and translocated into aerial organs while, in acquatic plants, it is directly taken up by leaves. In plants, Cd absorption induces complex changes at the genetic, biochemical and physiological levels which ultimately account for its toxicity (Valle and Ulmer, 1972; Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005; Weber et al., 2006; Liu et al., 2008) . The most obvious symptom of Cd toxicity is a reduction in plant growth due to an inhibition of photosynthesis, respiration, and nitrogen metabolism, as well as a reduction in water and mineral uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000; Shukla et al., 2003; Sobkowiak and Deckert, 2003) .
At the genetic level, in both animals and plants, Cd can induce chromosomal aberrations, abnormalities in
In angiosperms, double fertilization, an event in which the two sperm cells fuse with an egg cell and a central cell through the pollen tube, respectively, produces an embryo and endosperm (Chaudhury et al., 2001) . Embryogenesis starts with elongation of the zygote. Following an asymmetric cell division, the zygote divides into a smaller apical and a larger basal cell (Mansfield and Briaty, 1991) . The apical cell undergoes one-cell, two-cell, four-cell, eight-cell, and globular embryo stages. When embryos reach the early heart stage (~200 cells), the primordia of most major seedling organs such as cotyledons, hypocotyl, and primary root and the basic tissues types such as protoderm, vasculature, and cortex are distinguishable. After the sequential developmental stages ('heart', 'torpedo', and 'bent cotyledon' stages) , the refinement of the embryonic pattern occurs (Berleth1 and Chatfield, 2002) .
The endosperm plays an important role not only to nurse the formation of the embryo in seed development, but also to communicate signals between the embryo and maternal integuments (Berger, 2003; Costa et al., 2004) . The fertilized central cell undergoes multiple mitoses without cytokinesis to form a syncitium (Olsen, 2004) . Three zones of endosperm are observed in the syncitium endosperm: the micropylar endosperm, chalazal endosperm, and peripheral endosperm (Brown et al., 2003) . When the embryo develops to the globular and heart stage in Arabidopsis (before cellularization), the syncitium contains ~200-400 nuclei (Scott et al., 1998; Boisnard-Lorig et al., 2001) . Syncital endosperm cellularization begins when the embryo is at the heart stage via the formation of radial microtubule systems and alveolation (Olsen, 2004) .
Screening for mutants defective in the embryo and/or endosperm has uncovered the molecular mechanism of embryo and endosperm development (Meinke, 1995; Liu and Meincke, 1998; Liu et al., 2002; Sorensen et al., 2002; Dickinson, 2003) . The endosperm nuclei of the titan mutant were found to be enlarged . TTN3, TTN7, and TTN8 gene products are chromosome scaffold proteins of condensing (SMC2) and cohesion (SMC3 and SMC1) and play a major role in structural maintenance of the chromosome, while TTN1 encodes a tubulin-folding cofactor D . Disruption of EDE1, a microtubule-associated protein, also produces an enlarged and multinucleate endosperm (Pignocchi et al., 2009) . These results indicate that chromosome dynamics and microtubule formation are important during seed development.
In this study, an embryo-defective mutant exhibiting a titan-like (ttl) phenotype with enlarged endosperm nuclei with more than one nucleolus in the syncitium was isolated from an Arabidopsis T-DNA insertion collection. TTL encodes a nuclear-localized C2H2C2H2-domain-containing protein and produces at least nine different splicing variants. Two of the transcript isoforms with a difference of three amino acids are likely to have the same function in embryo and endosperm development as revealed by molecular complementation.
Materials and methods

Plant materials and growth conditions
The Arabidopsis thaliana ecotype Columbia-0 was used in this study for wild-type analyses. The ttl mutant plant was isolated from a population of transgenic plants generated in our lab as it produced aborted seeds. Seeds were sterilized in 70% ethanol (with 0.05% Tween-20) for 10 min, and then washed twice in 95% ethanol and 100% ethanol. After evaporation of ethanol, seeds were placed on half-strength Murashige and Skoog medium (1/2MS) agar plates supplemented with 50 µg ml −1 kanamycin, cold treated at 4 °C for 48 h, and then allowed to germinate. Plants were grown at 22 °C in the greenhouse with a light intensity of 300 µmol m −2 s −1 under a 16 h light/8 h dark cycle.
Identification of T-DNA insertion flanking sequence and segregation analysis
The T-DNA flanking sequence was amplified as described by Lu et al. (2008) . Heterozygous ttl mutant plants were either self-or reciprocally crossed with the wild type. In both cases, the seeds produced were sown on soil, and the plants were genotyped by PCR and phenotyped by analysis of seed development. For genotyping, the following primers were used: 5'-GGCCACATCTGATTGGTTTAGTTGA-3' (TTL-LP), 5'-GGCGAACATTCCATTCCTTGTAGA-3' (TTL-RP), and 5'-GATCGACCGGCATGCAAG-3' (LB).
Gene cloning and transcript isoform analysis
Full-length AtTTL cDNA was cloned according to the GeneRacer™ Kit (Invitrogen). To obtain the 3' ends, the PCR was performed using the first-strand cDNA as a template with a forward gene-specific primer (GSP1: 5'-AGTGTTAGATCGCCGTCTCAATGCTA-3') and the GeneRacer™ 3' primer (5'-GCTGTCAACGATACGCTACGTAACG-3'), and then nested PCR was carried out with a forward gene-specific nested primer (GSP2: 5'-GTCTATGAACTGGTCATTGGAGTCA-3') and the GeneRacer™ 3' nested primer (5'-CGCTACGTAACGGCAT GACAGTG-3'). To obtain the 5' ends, the PCR was performed using a reverse gene-specific primer (GSP3: 5'-CTGTCAGGACAGGCCTT ACGTAGTT-3') and the GeneRacer™ 5' primer (5'-CGACTGGAG CACGAGGACACTGA-3'), followed by nested PCR with a reverse gene-specific nested primer (GSP4: 5'-GCCTTCAGCAGGTGAGCC GAGAACA-3') and the GeneRacer™ 5' nested primer (5'-GGACACT GACATGGACTGAAGGAGTA-3').
Whole-mount preparations
Seeds of heterozygous ttl mutant plants were cleared as described by Liang et al. (2010) . The cleared seeds were observed under a Leica 5500 microscope equipped with differential interference contrast (DIC) optics.
Construction of P TTL -GUS fusion and GUS activity assay
A 417 bp DNA fragment upstream of the ATG start codon of the TTL gene (At4g24900) was amplified by PCR with primer pairs: PF, 5'-GGTGTCCTGGTGTCCTAATATCGT-3' and PR, 5'-TAGAGAGA GGGGATAACGAAGAG-3'. The resulting PCR products were cloned into the pENTR1A vector at the KpnI and NotI sites in the correct direction, and then recombined into the destination vector pKGWFS7 with Gateway LR Clonase II Enzyme Mix (Invitrogen) to generate a pEMB1211-GUS (β-glucuronidase) fusion construct. This construct was introduced into Arabidopsis via Agrobacterium-mediated floral dipping (Clough and Bent, 1998) . Transgenics were stained with GUS staining solution [0.1 mol l -1 phosphate buffer, 0.5 mmol l -1 potassium ferricyanide, 0.5 mmol l -1 potassium ferrocyanide, 1.0 mmol l -1 X-Gluc, 50 mg ml -1 dimethylsulphoxide (DMSO)] for 24 h in a 37 °C shaker at 250 rpm and decoloured in 70% ethanol, and then observed under a Nikon DXM1200F Digital Camera. For transgenic seeds, siliques were washed with sterilized water after 2 h staining, dissected, immersed in Hoyer's solution, and observed under a Leica 4500 microscope equipped with DIC optics.
RT-PCR analysis of the TTL transcript in wild-type and ttl mutant seeds
At 3-6 days after pollination (DAP), white seeds and green seeds without the seed coat were collected. Total RNA extraction was according to the manufacturer (EASYspin Plant RNA KIT, GALEN BIOPHARM), and 1 µg of the total RNA extracted was treated with RNase-free DNase I (TaKaRa) and subjected to synthesis of single-stranded cDNA using the First Strand DNA Synthesis Kit (TOYOBO). Primer pairs used to identify the TTL transcript were F2, 5'-GGCCCGGCAATGGATTGC ATAGAC-3' and R2, 5'-CCGTTGCCCG AGTAGTCCTTGCT-3'. Primers were designed to amplify the housekeeping gene ACTIN 2 to equalize RNA loading in the reverse transcription-PCR (RT-PCR). These were ACTIN2F, 5'-CCAACAGAGAGAAGATGACT-3' and ACTIN2R, 5'-ATGTCTCTTACAATTTCCCG-3'. After 30 cycles of amplification, PCR products were resolved on a 1% agarose gel and stained with ethidium bromide.
Construction of the TTL-green fluorescent protein (GFP) fusion and GFP transient expression assay
The full length TTL coding region for isoforms 5 and 6 was amplified by PCR using the same primers (TTLF, 5'-GGACCTGGTCGACATG AAGAAACCATCGAAAAAAGAGC-3'; and TTLR: 5'-GGACCTGC CATGGTCTCACCACTCTCTCTTCGCG-3'), and the PCR products were sequenced to distinguish the different isoforms and fused in-frame into the expression vector (pTH2) p35S-sGFP by SalI and NcoI restriction endonucleases, respectively. For the GFP transient expression assay, Arabidopsis mesophyll protoplasts were used as previously described (Sheen, 2002) . Cells with GFP signals were examined using a confocal laser scanning microscope (LSM510; Carl Zeiss, Jena, Germany).
Genetic complementation
For the molecular complementation experiment, a 2936 bp genomic region containing the TTL gene was amplified by PCR using the forward primer gTTLF: 5'-TCCGAATTCTGTTTTTCCTTTGTTGT GACTGAG-3' at 417 bp upstream of the TTL ATG start codon in combination with the reverse primer gTTLR: 5'-TTCGTCGACCTCA CCACTCTCTCTTCGCG-3'. The PCR product was cloned into the binary vector pCAMBIA1300 at the EcoRI and SalI sites in the correct direction. Constructs were verified by sequencing and used to transform Arabidopsis plants heterozygous for the mutant allele, using floral dipping as described previously (Clough and Bent, 1998) . The collected seeds were plated on 1/2MS culture medium supplied with 25 mg l -1 hygromycin B, and the green seedlings were transplanted into soil.
Feulgen staining
Feulgen staining was performed as described by Braselton et al. (1996) . The specimen was examined using a confocal laser scanning microscope (LSM510; Carl Zeiss, Jena, Germany).
Results
Isolation and characterization of an Arabidopsis mutant with seed abortion
To investigate t embryogenesis in Arabidopsis, an Arabidopsis T-DNA insertion population (Lu et al., 2008) was generated and mutant plants bearing abnormally developed siliques were screened for. One of these transgenic plants resembled the wild type during vegetative development under normal growth conditions, and its flowers had normal morphology, including normal floral organ identity and number (data not shown). However, ~25% aborted seeds in the same siliques were observed in this transgenic plant ( Fig. 1B) , which is indicative of probable seed development defects.
To identify the gene that is mutated in the transgenic, the location of the T-DNA insertion position was sought through PCR-based walking. Two PCR products were obtained using HpaI-or DraI-digested genomic DNA as templates. Sequencing of the two PCR products confirmed the T-DNA insertion and precisely mapped the products to a position 1606 bp downstream of the ATG start codon of the gene locus At4g24900 (Fig. 1A) . To confirm whether the T-DNA insertion caused seed abortion in the mutant plants, a genetic linkage analysis using 360 T 2 plants was conducted. As expected, no homozygous T-DNA insertion mutation at the gene locus At4g24900 in the plants tested was found, and all the heterozygotes produced ~25% aborted seeds, and all the wild-type plants at this locus had a normal seed set. These results indicate that the disruption of the gene locus At4g24900 probably caused early seed abortion in the mutant plants.
To confirm further the identity of the mutation which is responsible for the seed abortion observed, a complementation vector was constructed using a 2945 bp genomic fragment of At4g24900, which included a 417 bp region upstream of the translation start codon and the complete coding region, fused with the N-terminus of GFP, and this vector was introduced into the heterozygous mutant plants by floral dipping. As a result, 28 independent T 1 hygromycin-resistant transgenic plants were obtained, and 11 transgenic plants were genotyped for the presence of the T-DNA insert at the At4g24900 locus using the geneand T-DNA left border-specific primers. It was expected that the seed abortion percentage in TTL/ttl plants should be significantly lower than 25% in these T 1 transgenic plants due to a successful complementation. For example, 6.25% seed abortion was expected if a single copy transgene was introduced and located on a different chromosome. Four independent hygromycin-resistant transgenic plants produced <25% aborted seeds. These results indicate that the T-DNA insertion in At4g24900 was responsible for the aborted seed development observed.
To determine whether the T-DNA insertion mutation affects the male and/or female gametophyte, the heterozygous mutant was crossed to the wild type as either the male or female parent, respectively, and then F 1 plants were genotyped by PCR using At4g24900 gene-and left border-specific primers. The segregation ratio of heterozygotes versus the wild type at the At4g24900 locus was close to 1:1 in the crossed F 1 plants ( Supplementary  Table S1 available at JXB online). These observations indicate that the T-DNA insertion mutation affects neither the male nor the female gametophytes.
To investigate whether the T-DNA insertion affected TTL transcription, the normal (wild type or heterozygous) and mutant seeds were isolated from 5 DAP heterozygous siliques and the RNA was extracted. RT-PCR analyses were performed using the gene-specific primers. Two major bands were detected in the normal seeds, whereas it was hard to detect any bands in the mutant seeds (Fig. 4B ).
The ttl mutant exhibits defects in both embryo and endosperm development
To identify the developmental stage at which the embryo and/ or endosperm defects first arise in the ttl mutant, mutant and wild-type seed development was examined via microscopic analysis. Seeds at different developmental stages from the heterozygous mutant siliques were cleared and observed under a DIC microscope. Although the mutant embryo cells were similar to wild-type cells at the one-cell stage of embryogenesis ( Fig. 2A,  2G ), they were morphologically abnormal and arrested eventually at the globular to heart stage during embryo development (Fig. 2I) , which is somewhat similar to the ttn6 mutant .
In addition to the embryo development defects observed in the mutant, the mutant endosperm development also displayed some abnormalities. At the one-or two-cell stage, the average size of the ttl endosperm nuclei was four times larger than wild-type endosperm nuclei, which contained more than one nucleolus, while the number of the mutant endosperm nuclei was less than that of the wild type. When the wild-type embryo reached the late globular stage, the ttl mutant seed contained 10-50 endosperm nuclei (Fig. 2G, 2H ; Supplementary Table S2 at JXB online). At the heart stage, the wild-type endosperm nuclei had complete cellularization, while the ttl mutant endosperm nuclei did not achieve cellularization ( Fig. 2E, 2K) .
To investigate nuclear mitosis in the mutant endosperm further, 400 seeds at the globular embryo stage from heterozygous mutant plants were observed. Among 303 seeds with normal endosperm development, 18 endosperm nuclei at metaphase and 12 at anaphase were observed. The condensed chromosomes were aligned to the division plane at metaphase and moved to opposite poles at anaphase (Fig. 3A, 3B ). Six seeds with dividing endosperm nuclei were observed among 97 mutant seeds. In contrast to the wild type, these dividing nuclei were composed of highly condensed chromosomes, and the chromosomes were irregularly distributed (Fig. 3C) . Interestingly, the synchrony of endosperm nuclear divisions was lost in the mutant, unlike in the wild type (Fig. 3D ). In addition, Feulgen staining also revealed the presence of multiple nucleoli and a single nucleolus with varying sizes in the mutant endosperm, which was different from the wild type ( Fig. 3E, 3F) . These results indicate that TTL plays an essential role in endosperm nuclear division. Given the phenotypic similarity to the titan mutant (Liu et al., 1998) , the mutant was named titan-like (ttl).
TTL transcripts were alternatively spliced
As predicted by the TAIR database (www.arabidopsis.org), TTL contains seven exons and six introns, and encodes a 421 amino acid polypeptide with unknown function. When the full-length coding region of TTL from the start codon ATG to the stop codon TAA was amplified from wild-type plant leaf cDNA, there were two major PCR bands corresponding to 1150 bp and 1250 bp, respectively, and some smears on the agarose gel (Fig. 4A) . The PCR products were cloned into the T-vector and 100 independent clones were subjected to sequencing. Consequently, nine differentially spliced transcript isoforms were detected (Fig. 4C) . The most abundant transcript isoform (34 clones) was 1157 bp in length and contained a premature translation termination codon (PTC) in the fourth exon. Additionally, other alternatively spliced transcripts of various lengths of 1682 bp (two clones), 1573 bp (three clones), 1391 bp (two clones), 1382 bp (two clones), 1266 bp (19 clones), 1257 bp (17 clones), 1148 bp (20 clones), and 1137 bp (two clones) were also detected. The alternatively spliced sequences included the first intron, the third intron, the fifth intron, an 18 bp fragment in the fifth exon and intron boundary, and a 9 bp fragment in the fifth intron and sixth exon boundary (Fig. 4C) . The third and fourth introns used the 'AT-AC' and 'TA-GG' splicing donor and acceptor sites, respectively, while the other introns used the canonical splicing donor and acceptor sites ('GT-AG'). Formation of TTL transcripts involved different types of alternative splicing, including intron retention, a cassette-type exon which is flanked by exon sequences, and mutually exclusive alternative exons. Except for the 1257 bp and 1266 bp transcript isoforms which were predicted to encode full-length transcript products, all the other isoforms contained PTCs.
Two isoforms of TTL transcripts can rescue the mutant phenotype
To verify the function of different splicing isoforms of TTL in embryo and endosperm development, plant expression vectors were constructed with seven of the splicing isoforms under the control of the native promoter to transform ttl/+ heterozygous plants. The seven transcript isoforms were 1573, 1382, 1266, 1257, 1157, 1148 , and 1137 bp in length, respectively (Fig. 4C) . Meanwhile, the heterozygous plants were transformed using a vector carrying the genomic region of TTL, which included the sequences 417 bp upstream of the translation start site and the complete coding region. Siliques from the transgenic plants were dissected and observed. As expected, all the PTC-containing transcript isoforms failed to complement the ttl mutant phenotype. Surprisingly, both isoform 5 (1266 bp) and isoform 6 (1257 bp) were able to rescue the mutant phenotype although there was a three amino acid deletion in the latter ( Supplementary Table S3 at JXB online).
TTL defines a novel family of C2H2-domain-containing proteins in eukaryotes
As predicted in TAIR (www.arabidopsis.org), TTL encodes an unknown protein, and seems to be present as a single copy in the Arabidopsis genome. To determine if there are any structural motifs in the predicted polypeptide, the full-length amino acid sequence (412 amino acids in length) was blasted against the Fig. 4 . TTL has multiple spliced transcript isoforms. (A) Multiple trancripts of the TTL gene were observed. The RT-PCR was performed using the wild-type leaf cDNA as template, and the gene-specific primers F1 and R1 were used. M, molecular marker. (B) RT-PCR analysis of TTL transcripts in the mutant and wild type. Total RNA was extracted from wild-type and mutant seeds, respectively. Gene-specific primers F2 and R2 were used. The ACTIN2 gene was used as a control. (C) Schematic diagram of the alternatively spliced transcript isoforms. The splicing sites were identified by sequencing of the PCR products. Eight exons (E1-E8), seven introns (I1-I7), and the non-canonical splicing donor and acceptor sites are indicated. NCBI protein database. Consequently, 38 amino acid sequences from various eukaryotes including fungi, monocots, dicots, mammals, lower plants, and lower animals were aligned against the Arabidopsis TTL sequence using the ClustalW program ( Supplementary Fig. S1 at JXB online) . This indicates that the TTL protein is essential in eukaryote development. All of these proteins were found to have conserved N-termini characterized by the domain C(X) 2 C(X) 9 H(X) 5 H-C(X) 2 C(X) 18-22 H(X) 5 H. This domain contained two atypical C2H2 motifs which are different from the classical motifs. The classical C2H2 motif, CX 2-4 CX 12 HX 2-6 H, contains 2-3 β-strands and one α-helix in its N-terminus and C-terminus, respectively (Iuchi, 2001) . The first C2H2 domain encompasses one α-helix and one β-strand, and the second one comprises three consecutive β-strands and one α-helix. These two C2H2 domains are separated by a 34-41 amino acid linker. In addition to the conserved N-terminal C2H2 domains, two conserved motifs with unknown function were also found in the C-terminus of the TTL protein (Fig. 5) .
Expression pattern of TTL
To gain a further understanding of the expression pattern of the Arabidopsis TTL gene, a 417 bp promoter region upstream of the start codon of the TTL gene was cloned and fused with the chimeric GFP-GUS reporter (Fig. 6A) . The same promoter was used for the ttl mutant complementation, and the results demonstrated that the promoter was functional to rescue the mutant. The construct was stably transformed into Arabidopsis, and 20 independent transgenic lines were analysed. One representative line is shown. The highest GUS activity was detected in actively dividing tissues such as shoot apical meristem, root tip, and emerging true leaves (Fig. 6B, 6F) . A strong GUS activity was also detected in cotyledons ( Fig. 6B ) and stems (Fig. 6C) . The GUS activity was also detected in the veins of sepals and stigmas, with a rather weak expression in petals and anthers (Fig. 6F ). Almost no GUS activity was detected in mature leaves (Fig. 6E) . These results indicate that the TTL gene is likely to be expressed in the actively dividing zones. Because development of the the mutant was arrested during embryogenesis, GUS activity in seeds was also investigated. It was observed that GUS was expressed throughout the whole seed, albeit that the activity was not as strong as in other tissues (Fig. 6D, 6G) .
TTL-GFP fusion protein is localized in nucleus
Given the observation that nuclear division was impaired in the ttl mutant as revealed by DIC, it was speculated that TTL might function as a nuclear-localized protein. As predicted by Plant-mPLoc (http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/), both the TTL protein isoform 5 and isoform 6 contain nuclear localization signals at the N-terminus. To confirm the localization, these two isoforms were fused to the N-terminus of GFP under the control of the constitutive Cauliflower mosaic virus (CaMV) 35S promoter, and the resulting construct was introduced into Arabidopsis leaf protoplasts. Clear green fluorescent signals were found to be localized in the nuclei of the transformed protoplasts, while the free GFP was mainly retained in the cytosol (Fig. 7) . These results suggest that these two forms of zinc finger proteins were localized in the nucleus and may act as a transcription factor.
Discussion
In this study, an Arabidopsis mutant ttl which is defective in embryogenesis and seed production was described. The TTL gene encodes a C2H2 domain-containing protein with a predicted nuclear localization signal at the N-terminus. The TTL-GFP fusion protein was localized in the nucleus, and TTL probably acts as a key regulator in endosperm nuclear division.
C2H2 zinc finger proteins (ZFPs) constitute a large family of proteins in the genomes of higher and lower eukaryotes. The number of ZFPs identified by in silico analysis corresponds to ~2.3% and ~3% of all genes in diptera and mammals, respectively (Chung et al., 2002; Bateman et al., 2004) . Approximately 0.8% of the proteins in Saccharomyces cerevisiae (Böhm et al., 1997) have C2H2 zinc finger domains, and ~0.7% in A. thaliana (Englbrecht et al., 2004) . C2H2 zinc fingers display a wide range of functions from DNA or RNA binding to involvement in protein-protein interactions. Therefore, ZFPs not only act in transcriptional regulation, either directly or through site-specific modification and/or regulation of chromatin, but also participate in RNA metabolism and in other cellular functions that probably require specific protein contacts of the ZF domain (Englbrecht et al., 2004) . There have been some studies reporting that ZFPs are involved in cell division through regulating mitosis. For example, the C2H2 domain-containing proteins are inactivated during mitotic entry, presumably as a prerequisite to chromatin condensation and cell division (Dovat et al., 2002) ; mutations in a Drosophila ZFP impair mitotic cell division and cause improper chromosome segregation (Staudt et al., 2006) ; and in Arabidopsis, the JACKDAW and MAGPIE ZFPs regulate tissue boundaries and control asymmetric cell division (Welch et al., 2007) . In this study, the Arabidopsis ttl mutant was defective in embryogenesis and endosperm development, mainly characterized by an arrested globular to heart transition stage and multinucleolated endosperm cells (Figs 2, 23) . It was found that the N-terminus of the Arabidopsis TTL protein contains two atypical C2H2 domains which are separated by a linker, and this protein displays a high similarity to that in other eukaryotic, but not prokaryotic, organisms (Fig. 5 ), suggesting that it may have a conserved function in eukaryotes. Given the nuclear localization of TTL protein, it is hypothesized that this protein may either be directly bound to DNA/RNA or be involved in protein-protein interactions to participate in endosperm nuclear division.
Alternative splicing, a process whereby exons of pre-mRNA are spliced in different arrangements to produce structurally and functionally distinct transcripts, is an essential mechanism to contribute to increasing transcriptome plasticity and proteome diversity in eukaryotes (Blencowe, 2006) . By the RNA-seq approach, at least 42% and 48% of genes are alternatively spliced in Arabidopsis and rice, respectively (Filichkin et al., 2010; Lu et al., 2010) . The splicing events function in plant development and response to the environment. Alternative processing of the rice WAXY gene contributes to glutinous rice (Isshiki et al., 1998) , and that of the disease resistance gene RPS4 is dynamically regulated during the resistance response (Zhang and Gassmann, 2007) . FCA, Fig. 5 . Multiple sequence alignment between AtTTL and the TTLs from other species. The secondary structure elements for AtTTL predicted by the sam-t02-dssp method are shown above the sequences. α-Helices are displayed as squiggles, and β-strands are displayed as arrows. Strictly identical residues are highlighted in white letters with a red background. Residues with similar physicochemical properties are shown in red letters. Alignment positions are framed in blue if the corresponding residues are identical or similar. The sequences aligned are found in GenBank under accession numbers XP_003576718.1 for BdTTL (Brachypodium which undergoes both polyadenylation and alternative splicing, is involved in the regulation of flowering time (Macknight et al., 2002) . SR45.1 and SR45.2, the two alternatively spliced isoforms of SR45, play a major role in flower petal development and root growth, respectively (Zhang and Mount, 2009) .
TTL gene transcripts were alternatively spliced, and consequently at least nine transcripts were produced. The formation of TTL transcripts involved different types of alternative splicing. Among these nine transcript isoforms, two were predicted to encode full-length transcript products. Initially, it was suspected that these two transcript isoforms might have different roles in regulating embryo/endosperm development. However, unexpectedly, the molecular complementation of the ttl mutant using the two transcripts demonstrated that they both succeeded in rescuing the mutant phenotype as illustrated in Supplementary   Table S3 at JXB online, and overexpression of the two transcript isoforms did not result in any visible morphological alterations as compared with the wild type (data not shown). This observation was, surprisingly, in disagreement with previous reports. For example, the Arabidopsis transcription factor gene IDD14 generates two splicing variants to form competitively non-functional heterodimers to regulate starch metabolism (Seo et al., 2011) , two alternatively spliced isoforms of Arabidopsis SR45 protein play distinct roles during normal development (Zhang and Mount, 2009) , and an alternative HYH transcript contributes to the increased activity of the HYH-Hy5 gene pair (Sibout et al., 2006) . It is concluded that the nine nucleotide insertion in transcript isoform 5 probably did not cause alteration in gene functioning in terms of regulating embryo/endosperm development. However, more detailed investigation is needed.
Apart from isoforms 5 and 6, isoforms 7 and 8, which encode truncated proteins which lack the C-terminus of the TTL protein ( Supplementary Fig. S2 at JXB online), are also major isoforms of TTL transcripts. Although these two truncated proteins contain two complete C2H2 domains, they failed to rescue the ttl mutant. This indicates that the TTL C-terminal domain is also essential Fig. 7 . Subcellular localization of the TTL-GFP fusion. Two TTL protein isoforms (isoform 5 and isoform 6, see Fig. 4 ) were fused with the N-terminus of GFP and the constructs were introduced into Arabidopsis leaf protoplasts. Free GFP was used as control and the green fluorescence was mainly distributed in the cytosol, while the green fluorescence signals of the two GFP fusion proteins were restricted to the nuclei. ISO5 and ISO6 indicate the transcript variants of isoforms 5 and 6, respectively. distachyon), NP_940891.1 for HsTTL (Homo sapiens), XP_001631428.1 for NvTTL (Nematostella vectensis), EAZ45300.1 for OsTTL (Oryza sativa Japonica group), XP_001754595.1 for PpTTL (Physcomitrella patens subsp. patens), XP_002998481.1 for PiTTL (Phytophthora infestans T30-4), XP_002993273.1 for SmTTL (Selaginella moellendorffii), XP_002107652.1 for TaTTL (Trichoplax adhaerens), XP_002280098.2 for VvTTL (Vitis vinifera), and XP_002932971.1 for XtTTL [Xenopus (Silurana) tropicalis]. The ClustalW program was used for alignment. The sequence of AtTTL (At4g24900) was from www.arabidopsis.org. The two conserved C2H2 domains in the N-terminus are indicated as ZF I and ZF II, respectively, and the two conserved domains in the C-terminus as Conserved domain III and Conserved domain IV, respectively. All the four conserved domains are also found in other TTL proteins (see Supplementary Fig. S1 ).
for the function of TTL of Arabidopsis. Correspondingly, two highly conserved motifs were found in the C-termini of the TTL proteins throughout 39 different species ( Fig. 5 ; Supplementary  Fig. S1 ). However, it remains unknown why isoforms 7 and 8 are formed. For example, it would be tempting to explore whether isoforms 7 and 8 compete with isoforms 5 and 6 to ensure the full function of TTL protein.
In addition to the actively dividing tissues, the presence of GUS staining in both the endosperm and embryo in the TTL promoter-GUS transgenic plants was also observed (Fig. 6 ). In agreement with these observations, both endosperm and embryo displayed severe developmental defects in the mutant (Figs 2, 23) . Hence, it is speculated that the ttl mutation probably affected endosperm nuclear division and embryo nuclear division in an independent manner. It is believed that TTL probably only functions in eukaryotes, but not in prokaryotes, given that no protein sequences with similarity to TTL were found by BLAST search against the GenBank database ( Fig. 5; Supplementary Fig. S1 at JXB online). Taking these findings together, it is concluded that TTL is a key regulator for endosperm nuclear divisions in Arabidopsis. However, the phenotypic characterization in this study is based on a single allele, and data from additional alleles are needed to obtain a complete view of the function of TTL in the future.
Supplementary data
Supplementary data are available at JXB online. Figure S1 . Sequence alignment of AtTTL and TTL of other species. Figure S2 . Schematic diagram of the protein structure of the different transcript isoforms of the TTL gene.
